Clostridium perfringens causes clostridial myonecrosis or gas gangrene and produces several extracellular hydrolytic enzymes and toxins, many of which are regulated by the VirSR signal transduction system. The revR gene encodes a putative orphan response regulator that has similarity to the YycF (WalR), VicR, PhoB, and PhoP proteins from other Gram-positive bacteria. RevR appears to be a classical response regulator, with an N-terminal receiver domain and a C-terminal domain with a putative winged helix-turn-helix DNA binding region. To determine its functional role, a revR mutant was constructed by allelic exchange and compared to the wild type by microarray analysis. The results showed that more than 100 genes were differentially expressed in the mutant, including several genes involved in cell wall metabolism. The revR mutant had an altered cellular morphology; unlike the short rods observed with the wild type, the mutant cells formed long filaments. These changes were reversed upon complementation with a plasmid that carried the wild-type revR gene. Several genes encoding extracellular hydrolytic enzymes (sialidase, hyaluronidase, and ␣-clostripain) were differentially expressed in the revR mutant. Quantitative enzyme assays confirmed that these changes led to altered enzyme activity and that complementation restored the wild-type phenotype. Most importantly, the revR mutant was attenuated for virulence in the mouse myonecrosis model compared to the wild type and the complemented strains. These results provide evidence that RevR regulates virulence in C. perfringens; it is the first response regulator other than VirR to be shown to regulate virulence in this important pathogen.
Clostridium perfringens is ubiquitous in soil and sewage and is a commensal of the gastrointestinal tracts of both humans and animals (51) ; therefore, it needs to be able to adapt to an ever-changing environment. Two-component signal transduction systems enable bacteria to sense changes in their environment and generally consist of a membrane-bound sensor histidine kinase and a cytoplasmic response regulator (27, 63, 69) . Upon detection or binding of the stimulus, the sensor histidine kinase autophosphorylates at a conserved histidine residue present within the cytoplasmic C-terminal region of the protein (27, 48) . The phosphoryl group is then transferred from the sensor histidine kinase to a conserved aspartate residue present within the N-terminal domain of the response regulator (24, 27, 63) . The phosphorylated response regulator usually acts by binding to a specific DNA target and altering the transcription of the target genes (27, 48, 63) . Signal transduction systems often can be directly linked to the expression of specific virulence factors involved in disease pathogenesis (10, 13) .
C. perfringens causes human gas gangrene and food poisoning and several diseases of animals (61, 62) . These diseases are mediated by a diverse range of extracellular toxins and extracellular enzymes (50) , two of which, alpha-toxin and perfringolysin O, have been shown to be important for the development of gas gangrene or clostridial myonecrosis (2, 3) . The genes encoding these toxins, as well as other genes, have been shown to be regulated by the global VirSR two-component signal transduction pathway (32, 44, 54) . In this system the response regulator VirR directly regulates the expression of pfoA (encoding perfringolysin O or theta-toxin) and ccp (encoding the cysteine protease ␣-clostripain) and indirectly regulates the expression of plc (encoding alpha-toxin), colA (encoding collagenase or kappa-toxin), and other genes involved in cellular metabolism (7, 9, 57) . Although the VirSR network regulates several potential virulence genes in C. perfringens, there are other putative virulence factors whose expression is not understood. As part of a broader study, we initially focused on the use of bioinformatics to identify regulatory genes that may have a potential role in virulence. In this study we report the results of genetic studies, coupled with microarray analysis and virulence experiments, which have led to the identification and characterization of a novel orphan response regulator, RevR, which also regulates the ability of C. perfringens to cause clostridial myonecrosis.
MATERIALS AND METHODS
Plasmids, strains, and media. All plasmids and bacterial strains used in this study are listed in Table 1 . All C. perfringens strains were derived from the strain 13 derivative JIR325 (32) . Culture medium was from Oxoid and chemicals were from Sigma or Amresco, unless otherwise stated. C. perfringens broth cultures were grown in either fluid thioglycolate broth (FTG) (Difco) or TPYG (5% [wt/vol] tryptone, 0.5% [wt/vol] proteose peptone, 0.3% [wt/vol] yeast extract, 0.1% [wt/vol] sodium thioglycolate) with glucose added to a final concentration of 0.38% (wt/vol) after sterilization. Agar cultures of C. perfringens were grown on nutrient agar (NA) (49) in an atmosphere of 10% (vol/vol) H 2 , 10% (vol/vol) CO 2 , and 80% (vol/vol) N 2 . Where appropriate, C. perfringens media were supplemented with rifampin (10 g/ml), nalidixic acid (10 g/ml), erythromycin (Amresco) (50 g/ml), or chloramphenicol (30 g/ml). To visualize cellular morphology, bacterial cells were Gram stained and examined at a magnification of ϫ1,000 using an Olympus BX51 microscope. Digital images were acquired using DPController software (Olympus).
Escherichia coli strain DH5␣ (Life Technologies) was used for the cloning and propagation of plasmids. E. coli cells were incubated in 2YT medium (52) under aerobic conditions. Where applicable, the medium was supplemented with either erythromycin (150 g/ml) or chloramphenicol (30 g/ml). The turbidity of broth cultures was measured at 600 nm using a WPA Biowave CO8000 cell density meter.
Genetic and molecular manipulations. Plasmids from E. coli cells were prepared as described previously (36) or by the use of a Qiagen miniprep purification system. When plasmid preparations were required for nucleotide sequencing, a modified polyethylene glycol (PEG) precipitation method was employed as described in the ABI BigDye manual (Applied Biosystems). All restriction endonucleases and enzymes were used according to the manufacturer's instructions (Roche Diagnostics; New England BioLabs). Transformation of C. perfringens cells was carried out by electroporation (53) with at least 5 g of purified plasmid DNA per experiment, using a BTX ECM-630 Electro Cell Manipulator (BTX Laboratories) with a single electric pulse of 1.8 kV, a resistance of 200 ⍀, and a capacitance of 25 F. E. coli cells were made chemically competent and transformed as described previously (29) . C. perfringens chromosomal DNA (40) and total RNA (17) were isolated as before. Repeated cycles of DNase I digestion of the RNA samples and subsequent Trizol extraction were carried out until the RNA was free of contaminating DNA. Standard methods were used for the modification, ligation, and analysis of plasmid and genomic DNA preparations and PCR products (52) . DNA and RNA concentrations were determined using a NanoDrop Technologies spectrophotometer.
DNA sequencing reactions were performed using a PRISM BigDye Terminator Mix (Applied Biosystems). Signal detection was performed on an Applied Biosystems 3730S Genetic Analyser and sequences analyzed using ContigExpress software (Invitrogen). All oligonucleotide primers for PCR or sequencing were obtained from Sigma-Aldrich and are listed in Table S1 in the supplemental material.
Construction and complementation of a revR mutant. The suicide plasmid pJIR3429 was constructed by generating an 1,867-bp PCR fragment that encompassed the region directly upstream of, and including, the first 21 bp of the revR gene, using primers JRP3520 and JRP3521 (see Table S1 in the supplemental material). The BamHI-and Asp718-digested PCR fragment was cloned into the equivalent sites of pJIR2715 (6), upstream of the erythromycin resistance gene erm(Q), to give pJIR3374. A 1,254-bp region downstream of revR was PCR amplified using primers JRP3718 and JRP3719, digested with XhoI and NotI, and cloned downstream of the erm(Q) cassette in pJIR3374 to construct pJIR3429. All recombinant plasmids were confirmed by restriction digestion and sequencing.
A revR deletion mutant was constructed by allelic exchange between pJIR3429 and the C. perfringens JIR325 chromosome. The suicide plasmid pJIR3429 was introduced by electroporation and erythromycin-resistant transformants selected. The resultant revR mutant, JIR12233, was confirmed to be derived from a double-crossover event by PCR analysis and Southern hybridization (data not shown).
To construct the revR complementation plasmid, pJIR3534, the wild-type revR gene, including 500 bp of upstream sequence encompassing the putative revR promoter, was PCR amplified using Pwo polymerase (Roche), purified with a Qiagen PCR purification kit, and cloned into pT7Blue-3 (Novagen). The fragment then was subcloned into the BamHI/Asp718 sites of the E. coli-C. perfringens shuttle vector pJIR750, which confers chloramphenicol resistance (5). The revR mutant was complemented by transformation with pJIR3534, selecting for chloramphenicol resistance.
Microarray analysis of C. perfringens RNA transcripts. Expression studies were carried out with microarrays that consisted of 500-bp PCR products that were printed in duplicate in different sectors of the array and were designed for optimal binding to all potential coding sequences determined from the C. perfringens strain 13 genome sequence (44) . RNA was prepared from 4-h TPYG broth cultures of the wild type and the revR mutant. For each strain, identical microarrays were hybridized separately using cDNA derived from four independent biological replicates, including two dye swaps. The synthesis of cDNA, labeling, and hybridization were carried out using the Gensiphere 3DNA 900MPX kit as performed previously (40) , except that the amount of starting RNA was reduced to 4 g and the microarray slides were prehybridized in a solution containing herring sperm DNA (Promega) instead of salmon sperm DNA. The dried, hybridized, and labeled microarray slides were scanned using a GMS418 array scanner (Affymetrix) and the scans captured using GMS scanner software (V.1.51.0.42) (Affymetrix). Fluorescence intensity was quantified using ImaGene 5.1 (BioDiscovery) software. ImaGene data files were subjected to statistical analysis using the Limma software package for R (59, 60) . Spot intensities were normalized first per print tip group and then between arrays using Lowess normalization. Fold ratios were determined by comparison to wild-type spot intensities, and P values were determined using the moderated t test algorithm.
Bioinformatic analysis. Analysis of the C. perfringens strain 13 genome for putative signal transduction systems was carried out using the Microbial Signal Transduction Database (MIST) (66) . Database searches were carried out using the PSI-BLAST algorithm (1). Multiple-sequence alignments were conducted using the ClustalW algorithm (65) , and conserved domain searches were conducted using the CD-search algorithm (33, 34) . Protein structure models were generated using Swiss-Model (http://swissmodel.expasy.org) with the PhoB (ExPDB template code 1GXQ) and YycF (ExPDB template code 2D1V) structures as templates. Ribbon diagrams were generated using PyMol software verson 0.99 (Delano Scientific).
QRT-PCR analysis of differentially expressed genes. Quantitative reverse transcriptase PCR (QRT-PCR) was performed to quantify gene-specific mRNA levels from the wild-type, mutant, and complemented derivatives. RNA was isolated from 4-h TPYG broth cultures (three independent biological replicates) of the wild type (JIR325), a revR mutant carrying the shuttle vector pJIR750, and the complemented revR mutant carrying pJIR3534. Reverse transcriptase (RT) reactions were performed using 4 g of total RNA and Superscript III reverse transcriptase (Invitrogen) according to the manufacturer's instructions, except that 1 g of random hexamers was used and RT reaction mixtures were incubated at 42°C for 2 h. Reaction mixtures then were heated to 65°C for 15 min to denature the reverse transcriptase. Control samples were prepared by replacing Superscript III reverse transcriptase with nuclease-free water.
For each biological replicate, specific gene expression levels were determined relative to the level of rpoA expression. All QRT-PCRs were performed as described previously (16), with the exception that cDNA preparations were diluted 10-fold. Signal detection was performed on a Mastercycler ep Realplex real-time PCR machine (Eppendorf). Reactions were confirmed as being the result of a single product by disassociation curve analysis.
Quantitative toxin and extracellular enzyme assays. All assays were carried out in triplicate on three independent biological replicates of C. perfringens cultures grown in either TPYG broth or Todd-Hewitt broth (Oxoid) containing 0.1% (wt/vol) sodium thioglycolate and 0.38% (wt/vol) glucose, added after autoclaving. Culture supernatants or cell lysates were harvested from these cultures at the time of inoculation (T ϭ 0), 4 h postinoculation (logarithmic growth phase, T ϭ 4) and 8 h postinoculation (stationary phase, T ϭ 8). All enzyme assay results are expressed as the initial rate of activity per min per mg total protein. Total protein was determined using a Pierce bicinchoninic acid (BCA) protein assay kit.
Hyaluronidase activity was determined using 4-methylumbelliferyl-N-acetyl-␤-d-glucosamide (MUG) as the substrate, as before (14) . The cell pellets from 15-ml TPYG broth cultures were washed in sterile DPBS (140 mM NaCl, 2.68 mM KCl, 4.23 mM Na 2 HPO 4 , 10 mM KH 2 PO 4 , pH 7.5) and resuspended in 1 ml of sterile DPBS. The cell suspension was treated with 100 l of lysozyme (10 mg/ml) (Amresco) at 37°C overnight and centrifuged at 3500 ϫ g, and the resultant supernatant was diluted 10-fold. Assays were conducted using 25 l of diluted supernatant and 50 l of MUG (0.2 mg/ml) in hyaluronidase buffer (100 mM citric acid, 250 mM NaH 2 PO 4 , pH 7.5) in black-walled, flat-bottom 96-well microtiter plates (Nunc). The rate of increase in fluorescence intensity obtained after hydrolysis of MUG was followed fluorometrically with excitation and emission wavelengths of 365 nm and 412 nm, respectively. Hyaluronidase assays were conducted at room temperature for 60 min, with data collected every 2 min on a Tecan Infinite 200 plate reader. The amount of 4-methyumbelliferone (4-MU) liberated was determined by comparison to a 4-MU standard curve. Hyaluronidase activity is expressed as pmoles of 4-MU released per min per mg protein.
For sialidase assays, culture supernatants from Todd-Hewitt broth cultures were collected by centrifugation at 5800 ϫ g for 10 min and concentrated 20-fold using Amicon Ultra centrifugal filter devices (Millipore) with a nominal cutoff of 30 kDa. Sialidase activity was determined as described previously (18) except that the absorbance at 620 nm was determined using a Tecan Infinite 200 plate reader. Sialidase activity is expressed as the increase in absorbance at 620 nm per min per mg protein.
For collagenase and protease assays, supernatants were derived from TPYG broth cultures. Collagenase assays were conducted as described previously (4), and results are expressed as the rate of increase in absorbance at 520 nm per min per mg of total protein. Extracellular protease activity was assayed using azocasein as the substrate under reducing conditions (5 mM dithiothreitol [DTT] ) in the presence of Ca 2ϩ , as previously described (46); these conditions have been shown to activate the major extracellular protease of C. perfringens, ␣-clostripain (64). Reaction mixtures were incubated at 37°C for 2 h, and the absorbance of the clear supernatant was determined at 450 nm using a Multiskan plate reader (Thermo-Labsystems). Protease activity is expressed as the increase in absorbance at 450 nm per min per mg of total culture supernatant protein. Perfringolysin O assays (2) and phospholipase C assays (58) were carried out as described previously.
Virulence trials with mice. The virulence of C. perfringens strains was assessed in the mouse myonecrosis model using 6-to 8-week-old female BALB/c mice, as described previously (30) . The right hind muscle was injected with 50 l of washed cells in sterile phosphate-buffered saline (PBS), equal to approximately 10 9 CFU. Disease progression was then recorded every 30 min by observing limping, swelling of the thigh or footpad, and blackening of the thigh or footpad (30) . Disease symptoms were scored on a scale of 0 (no sign of disease), 0.5 (moderate disease), or 1 (severe disease). When a score of 1 was reached for any symptom other than swelling of the thigh, the mice were euthanized humanely for animal ethics reasons. All virulence trials were conducted in accordance with Victorian State Government regulations and were approved by the Monash University SOBS B Animal Ethics Committee. C. perfringens cells were isolated from at least four independent biological replicates, and the virulence for each strain assessed in at least 20 mice. Statistical analysis of Kaplan-Meier survival curves was carried out using a log rank Mantel-Cox test with GraphPad Prism 5 software.
Bacterial strains were recovered from euthanized mice by homogenizing muscle tissues in sterile PBS and allowing large muscle fragments to settle for 20 min. The supernatant was then subcultured onto NA supplemented with either erythromycin, chloramphenicol, or rifampin and nalidixic acid, at concentrations appropriate for C. perfringens strains. Plates were incubated under anaerobic conditions at 37°C. The genotypes of the recovered strains were determined by PCR using primers JRP3954 and JRP3966; under these conditions, a 1.1-kb band is detected in the wild type and a 1.6-kb band in the revR mutant.
Microarray data accession number. Microarray data were deposited into the Gene Expression Omnibus (GEO) database with the accession number GSE26508.
RESULTS
A revR mutant has an altered cellular morphology. This study commenced as part of a larger project aimed at determining the functional role of orphan response regulators in C. perfringens. BLAST searches of the C. perfringens strain 13 genome sequence (55) identified a gene, here designated revR, whose putative product (accession number NP_561558, CPE0642) had an N-terminal REC domain (12) and a putative C-terminal winged helix-turn-helix DNA binding domain (22) . It had significant similarity to PhoB from Clostridium kluyveri (65% amino acid sequence identity), PhoP from Bacillus subtilis (53% identity), VicR from Streptococcus pneumoniae (52% identity), and YycF (WalR) from B. subtilis (49% identity). Based on the role of VicR in the regulation of several proteins involved in virulence in S. pneumoniae (39, 47, 67) we decided to construct a revR mutant of C. perfringens and examine its role in virulence.
A revR deletion mutant was constructed by homologous recombination and confirmed to be derived from a doublecrossover event by PCR analysis and Southern hybridization (data not shown). Gram staining of the revR mutant revealed many long filamentous bacterial cells, unlike the shorter rods observed with the wild-type strain (Fig. 1) . No difference in growth rate was observed in TPYG broth, and production of the two major C. perfringens type A toxins, alpha-toxin and perfringolysin O, was unaffected (data not shown). When the revR mutation was complemented by introducing the wild-type revR gene on a multicopy plasmid, no filaments were observed (Fig. 1) . This phenotype was consistent with that observed in B. subtilis, where overexpression of the essential yycF gene leads to increased cell division (21) .
Mutation of revR alters the transcription of several genes encoding potential virulence factors. Microarray analysis was conducted on the wild type and the revR mutant to identify the genes whose expression was regulated by RevR. Initially, the microarray data were filtered to exclude genes that were less than 2-fold up-or downregulated and with a P value of Յ0.05. Using these criteria, over 400 genes were identified as being differentially regulated as a result of the revR mutation. Subsequent tightening of these filtering criteria using a P value of Յ0.001 still revealed over 100 genes that were differentially regulated (see Table S2 in the supplemental material).
Several genes whose products were potentially involved in the early and late stages of sporulation, including genes encoding proteins involved in the formation of the spore septum, (Table 2 ). Both the colA gene (encoding collagenase) (4) and the ccp gene (encoding the cysteine protease ␣-clostripain) (46) appeared to have increased levels of expression in the revR mutant. In contrast, two putative hyaluronidase genes (nagH [14] and nagL [55] ) were downregulated. The nanI gene, encoding the major C. perfringens sialidase NanI (18), was overexpressed significantly in the revR mutant, while the gene encoding the minor sialidase NanJ (18) was downregulated significantly in the mutant ( Table 2 ). Finally, expression of the two major virulence factor genes, plc (alpha-toxin) and pfoA (perfringolysin O), was unaltered in the revR mutant, which was consistent with the alpha-toxin and perfringolysin O assay data. Complementation restores virulence gene expression to levels similar to those in the wild type. To validate the microarray data, the revR mutation was complemented in trans with the wild-type revR gene, and the expression levels of several potential virulence genes were determined by QRT-PCR. The expression of the pfoA gene was monitored as a control; the results ( Fig. 2A) showed that pfoA expression was not statistically different in the wild-type, mutant, and complemented strains, which correlated with the microarray results.
Since many potentially RevR-regulated genes were identified (see Table S2 in the supplemental material), confirmatory QRT-PCR experiments were conducted only on genes encoding potential virulence factors, i.e., the colA, nagH, nagL, nanI, nanJ, and ccp genes. In the revR mutant, the expression levels of all of these genes except colA were significantly different from the respective wild-type levels (Fig. 2) , with ccp and nanI expression significantly increased in the mutant and nagH, nagL, and nanJ expression decreased. These results were in agreement with the microarray data. Complementation with the wild-type revR gene restored the expression of these genes to levels similar to those in the wild type (Fig. 2) . However, for the colA gene, where microarray analysis showed that the gene was upregulated in the mutant (Table 2) , QRT-PCR demonstrated that there was no significant difference in the expression of the colA gene in the mutant compared to the wild type (Fig. 2) .
Complementation restored extracellular enzyme activity to levels similar to those in the wild type. To show that these transcriptional changes resulted in changes in extracellular enzyme production, quantitative hyaluronidase (putatively encoded by nagH, nagL, and three other nag genes [55] ), collagenase (colA), protease (ccp), and sialidase (nanI and nanJ) Hyaluronidase assays showed that there was a significant decrease in activity in cell lysates from the revR mutant compared to those from the wild-type strain at both 4 h (P ϭ 0.03) and 8 h (P ϭ 0.0006) postinoculation (Fig. 3A) , which correlated with both the microarray and QRT-PCR data. The decreased activity could be restored to levels similar to those for the wild type when the revR mutation was complemented with the intact revR gene (Fig. 3A) .
C. perfringens has been shown to produce a cysteine protease, ␣-clostripain (64), and two sialidases, NanI and NanJ, FIG. 2 . Expression of selected genes in the isogenic revR strains. RNA was prepared from cells grown in TPYG broth for 4 h, corresponding to exponential growth phase. QRT-PCR analysis was carried out using primer pairs specific for the ccp and pfoA (A) and the colA, nanI, nagH, nagL, and nanJ (B) genes. Expression levels are normalized to the expression of a control rpoA gene. Values are the averages of three independent biological replicates Ϯ standard errors of the means (SEM). Statistically significant differences (P Յ 0.05 by Student's t test)) are denoted by an asterisk.
FIG. 3. Extracellular enzyme production in the isogenic revR strains. Quantitative assays were carried out to determine the relative amount of enzyme activity in 4-h cultures grown in TPYG medium or Todd-Hewitt broth (for sialidase assays only). Enzyme activity was measured using cell lysates for hyaluronidase activity (A) and using culture supernatants for protease activity (B), sialidase activity (C), and collagenase activity (D). All results are the averages of three biological replicates Ϯ SEM; a significant difference as determined by Student's t test (P Յ 0.05) is indicated by an asterisk.
VOL. 79, 2011 REGULATION OF VIRULENCE BY RevR 2149
on September 12, 2017 by guest http://iai.asm.org/ with NanI being responsible for the majority of the extracellular sialidase activity (18) . The revR mutant showed a significant increase in both protease (Fig. 3B) and sialidase (Fig. 3C ) activities compared to the wild type at both 4 h and 8 h, in agreement with both the microarray and QRT-PCR data. This increased activity was restored to wild-type levels upon complementation of the revR mutation. Finally, analysis of extracellular collagenase activity confirmed the QRT-PCT data; collagenase production was not affected by the revR mutation (Fig. 3D) . RevR is required for wild-type virulence in C. perfringens. To investigate the potential role of the RevR regulon in the pathogenesis of C. perfringens infections, the virulence of the isogenic strains was tested in our standard BALB/c mouse myonecrosis model (30) . For each strain, 20 mice were injected in the thigh muscle with cells grown from four independent biological replicates. Mice infected with the wild-type strain typically developed observable signs of disease, such as limping, blackening of the thigh, and blackening of the footpad, at approximately 2 to 3 h postinfection (Fig. 4) , with disease symptoms severe enough to require euthanasia for animal ethics reasons at approximately 3 to 4 h postinfection (Fig. 5) . In contrast, mice injected with the revR mutant took much longer to develop any signs of disease (Fig. 4) , and rarely did the disease severity require euthanasia until after 6 h postinfection (Fig. 5) . Kaplan-Meier survival curves showed that the survival of mice infected with the revR mutant was significantly attenuated (as determined by a log rank Mantel-Cox test; P Ͻ 0.01) compared to that of mice infected with either the wild-type strain or the complemented revR mutant. Complementation restored the disease progression and severity to wild-type levels, with no significant difference in the survival of mice infected with either the wild-type strain or the complemented mutant being detected (Fig. 5) . Blackening of the thigh and footpad, which are qualitative measures of ischemia, was not restored to wild-type levels, presumably because the severity of the other virulence criteria required euthanasia for animal ethics reasons before blackening could occur.
DISCUSSION
In this study we report that a previously unknown response regulator, RevR, regulates extracellular enzyme production and virulence in a manner that is independent of the VirSR two-component signal transduction system, which regulates toxin production either directly via the response regulator VirR (32, 43, 54, 56) or indirectly by regulatory RNA molecules encoded by the vrr, virX, or virT gene (7, 41, 46, 57) . Microarray and QRT-PCR experiments confirmed that the expression of genes encoding the putative NagH and NagL hyaluronidases, the NanI and NanJ sialidases, and ␣-clostripain was altered by the revR mutation, in a manner different from that observed following mutation of virR or vrr (44) . The differences in expression of the hyaluronidase, protease, and sialidase structural genes were reflected by differences in the production of these extracellular enzymes. Furthermore, expression of the VirSR-regulated genes plc and pfoA, encoding alpha-toxin and perfringolysin O, respectively, was unaffected by the revR mutation, confirming that gene regulation by RevR is distinct from the VirSR system. The effects on both extracellular enzyme production and virulence were reversed by complementation with the wild-type revR gene, providing evidence that the original phenotypic changes resulted from the revR mutation. RevR represents the first regulatory protein outside the VirSR system to be shown to modulate virulence in C. perfringens. Microarray analysis revealed that the expression of more than 400 genes was altered (P Յ 0.05) in the revR mutant, making it difficult to determine the gene or genes directly responsible for the change in virulence.
RevR has sequence similarity to PhoB from C. kluyveri (62% amino acid sequence identity) and YycF from B. subtilis (49% identity). These two response regulators generally form part of the classical two-component signal transduction systems PhoBR and YycFG, respectively (31, 68) . The predicted RevR sequence contains all the important residues (Asp-11, Glu-12, and Lys-106) required for the formation of an N-terminal phosphoacceptor pocket, with Asp-54 predicted to be the site of phosphorylation. Conserved-domain searches revealed the presence of a potential winged-helix DNA binding domain present within the C-terminal region of RevR, consistent with the DNA binding domain of YycF and PhoB, suggesting that RevR regulates gene expression by binding to a DNA target (45) . Modeling of the RevR amino acid sequence on the known structures of the PhoB effector domain from E. coli (11) and on the C-terminal region of YycF from B. subtilis (45) revealed very little difference in the overall structure between the two models (Fig. 6) , reflecting the high degree of structural similarity between the two templates (45) . The recognition sites of YycF and PhoB also are similar; purified YycF has been shown to bind to known PhoB binding sites (45) . Unlike in the phoBR and yycFG systems, no gene encoding a readily identifiable sensor kinase protein could be identified either upstream or downstream of revR. RevR appears to be an orphan response regulator that is phosphorylated by an as-yetunidentified sensor kinase.
To identify the potential cognate sensor kinase for RevR, BLAST searches using the amino acid sequences of YycG and PhoR, the cognate sensor kinases of YycF and PhoB from B. subtilis, and VicK, the cognate sensor kinase of the related protein VicR from S. pneumoniae, were carried out. These searches identified a putative orphan sensor histidine kinase gene, cpe1757, whose product was previously shown to have 47% identity to PhoR from Clostridium acetobutylicum (20) and which has 25 to 28% amino acid identity to the search proteins YycG, PhoR, and VicK. CPE1757 is predicted to contain one transmembrane domain and HAMP, HisKA, and ATPase domains that are common to all sensor histidine kinases (23) . Further experiments involving the purification of both proteins and phosphotransfer studies are required to determine the relationship between RevR and CPE1757, if any.
YycFG (or WalRK) orthologs have been identified in many Gram-positive bacteria, including B. subtilis (19) , Enterococcus faecalis (25) , Staphylococcus aureus (35) , and S. pneumoniae (where they are termed VicKR) (68) . Such proteins have been reported to be essential for survival, controlling vital functions such as murein biosynthesis and cell division, as well as virulence factor expression in a number of bacterial species (reviewed in reference 68). Although a yycF or yycG deletion mutant cannot be obtained in B. subtilis (19, 68) , when a conditional temperature-sensitive yycF mutant was cultured at a nonpermissive temperature, the cells stopped growing, leading to the accumulation of so-called empty cells (19) . In a B. subtilis strain overexpressing yycF, an accumulation of smaller cells was observed (21) , which is consistent with the fact that shorter rods also were observed when revR was overexpressed in the revR mutant and suggests that RevR has at least some functional similarity to members of the YycF family. The signal for the YycFG two-component signal transduction pathway of B. subtilis remains to be determined (68) . Genes encoding proteins involved in the formation of the spore coat, septum, and cortex were all downregulated in the revR mutant, in addition to some genes that have been annotated as being associated with the cell wall or cell division. Unfortunately, strain 13 does not sporulate efficiently in culture media, so it was not possible to determine if there was any effect on sporulation. However, phenotypic changes that were related to the cell division process were observed (Fig. 1) . A gene encoding a putative rod-shape-determining protein (cpe2143) was downregulated in the revR mutant, and genes encoding a probable cell wall binding protein (cpe0202) and a capsular polysaccharide biosynthesis protein (cpe0250) were both upregulated. In B. subtilis the YycFG system regulates the expression of the ftsAZ operon (21), which controls cell division (70) , but the expression of a putative ftsZ homolog in C. perfringens (cpe1765) was unaffected in our experiments. In S. pneumoniae the filamentous phenotype displayed in a vicRK mutant has been attributed to the downregulation of the putative murein hydrolyase encoded by pcsB (38) . The function of PcsB in S. pneumoniae remains unknown, although it is known to be essential for correct cellular division (8, 37) . BLAST searches of the C. perfringens genome revealed two potential pcsB homologs, cpe1614 and cpe0202, with lowlevel (22 to 23%) amino acid sequence identity to PcsB (NP_359612.1) from S. pneumoniae. The expression levels of cpe1614 and cpe0202 were not significantly altered in the revR mutant; therefore, the filamentous phenotype seen in this mutant is presumably the result of an as-yet-unidentified mechanism.
RevR also has similarity to PhoB or PhoP proteins, which are involved in phosphate regulation. The Pho regulon has been identified in many bacterial species but has been studied primarily in E. coli and B. subtilis (28, 31) . In E. coli it encompasses no fewer than 47 genes that encode proteins involved in phosphate detection, uptake, and metabolism (26, 31) . PhoR is a sensor histidine kinase that interacts with the proteins of the Pst system, including PhoU (31) . At low phosphate concentrations, PhoR phosphorylates its cognate response regulator PhoB (known as PhoP in B. subtilis), which directly regulates the transcription of the pho regulon (28) . In C. perfringens, revR is situated directly downstream of a putative phosphate uptake and metabolism operon, which encompasses genes encoding a potential phosphate transporter system that is composed of the PstABCS proteins, as well as a putative PhoU accessory protein (28, 31) . The genetic organization of this gene region, together with the putative structural similarity of RevR to PhoB, suggests that RevR may also function in a phosphatedependent manner.
In summary, it appears that in C. perfringens the RevR protein, and its putative cognate sensor histidine kinase, may have functional properties that are carried out by both the YycFG (WalRK) and the PhoBR systems in other bacteria. Deletion of the revR gene leads to a cellular morphology that is similar to that of a VicKR mutant of Streptococcus pyogenes (37) , and the genetic organization of the revR gene suggests that it is involved in the regulation of phosphate metabolism. Recent studies have shown that the Pho regulon is involved in virulence in Citrobacter rodentium (15) . In C. perfringens, RevR regulates virulence in the mouse myonecrosis model by a mechanism that was previously unrecognized in this bacterium. It has been known for some time that the regulation of virulence in C. perfringens was a complex process (42, 46, 50) ; in this study we have identified yet another layer of hitherto unknown complexity.
